Background: Increased lung macrophage numbers in COPD may arise from upregulation of blood monocyte recruitment into the lungs. CCR5 is a monocyte chemokine receptor regulated by interleukin-6 (IL-6); the concentration of CCR5 ligands are known to be elevated in COPD lungs. The objective of this study was to investigate mechanisms of monocyte recruitment to the lung in COPD, including the role of CCR5 signalling. Methods: Ninety one COPD patients, 29 smokers (S) and 37 non-smokers (NS) underwent sputum induction, plasma sampling (to measure IL-6 and soluble IL-6 receptor [sIL-6R] by immunoassay), monocyte characterization (by flow cytometry) and monocyte isolation for cell migration and quantitative polymerase chain reaction studies. Lung tissue was used for immunohistochemistry.
Background
Monocytes can be recruited from the blood into the tissues, whereupon differentiation into macrophages may occur [1] . There are also tissue resident macrophages that replenish cell numbers by replication [2] . A recent study demonstrated the presence of phenotypically different mononuclear phagocyte cell types in healthy human lungs that either originate from the lungs (pulmonary dendritic cells and alveolar macrophages) or from blood monocytes (monocyte derived cells and tissue monocyte/macrophages) [3] .
There are increased numbers of macrophages in the lungs of chronic obstructive pulmonary disease (COPD) patients [4] ; these cells are involved in host defence, airway remodelling and parenchymal destruction [5] . It has been suggested that increased lung macrophage numbers in COPD are due to increased recruitment of blood monocytes [5, 6] . Alternatively, cigarette smoke exposure induces the expression of anti-apoptotic genes in macrophages [7] , and increased expression of anti-apoptotic proteins has been observed in COPD macrophages [8] , suggesting that delayed apoptosis is a possible cause of macrophage accumulation in COPD. Furthermore, alveolar macrophages expressing the proliferation marker Ki67 have been observed in patients with interstitial lung disease [9] , but whether increased macrophage accumulation in COPD occurs by selfrenewal is not understood.
Costa et al reported increased migration of COPD peripheral blood mononuclear cells towards C-X-C motif chemokine receptor 3 (CXCR3) and C-C motif chemokine receptor 5 (CCR5) ligands using single chemokines for migration experiments [6] . Such experiments, however do not reflect the complex mixture of chemoattractants present in the lungs [10] [11] [12] [13] [14] [15] . Physiologically relevant complex supernatants, such as those obtained from induced sputum could be used to further investigate the migratory ability of COPD monocytes.
CCR5 is the receptor for the monocyte chemoattractant C-C motif chemokine ligand 3 (CCL3) [16] . Studies using induced sputum and bronchoalveolar lavage have shown that CCR5 ligand levels are increased in the lungs of COPD patients, suggesting a role for CCR5 signalling in the recruitment of monocytes into COPD lungs [12, 13, 16, 17] . Peripheral blood monocytes can be classified into 3 subtypes according to their expression of CD14 (LPS receptor) and CD16 (FcγRIII receptor): CD14 ++ ('Non-Classical') [1] . Increased numbers of pro-inflammatory CD14 + CD16
+ monocytes are found in chronic inflammatory disease states such as rheumatoid arthritis [18] . Furthermore, CD14 + CD16
+ cells have the greatest surface expression of CCR5 [1, 19] . Monocyte subsets in COPD, and their expression of CCR5, have not been previously reported.
CCR5 expression is upregulated by interleukin-6 (IL-6) [20] , a cytokine which trans-signals through a soluble receptor sIL-6R [21] . Plasma IL-6 levels are increased in a subset of stable COPD patients [22] and during COPD exacerbations [23] . The systemic levels of sIL-6R have not been investigated in COPD; increased systemic IL-6/ sIL-6R signalling in COPD could upregulate blood monocyte CCR5 expression, thereby promoting monocyte recruitment into the lungs.
We have investigated COPD blood monocyte recruitment with two major objectives in mind. Firstly, to characterise changes in the CCL3-CCR5 axis that could facilitate monocyte recruitment in COPD; we studied CCR5 expression on peripheral blood monocytes and plasma sIL-6R levels in COPD patients compared to controls. Secondly, to further investigate the hypothesis that monocyte recruitment from the blood is increased in COPD; we studied COPD monocyte migration towards sputum supernatants and performed lung immunohistochemistry studies to evaluate monocyte migration from the pulmonary blood vessels of COPD patients compared to controls. We also performed immunohistochemistry studies to investigate an alternative mechanisms of pulmonary macrophage accumulation in COPD; namely increased replication and supressed apoptosis.
Methods

Subjects
COPD patients (n = 91), smokers (S; n = 29) and healthy non-smokers (HNS; n = 37) were recruited for blood and sputum sampling; S (with >10 pack-year smoking history) and HNS had normal lung function. COPD patients had been diagnosed according to current guidelines [24] and were also seen during acute exacerbation (diagnosed according to an increase in symptoms as described in Additional file 1). COPD (n = 12), S (n = 9) and NS (nonsmokers; n = 6) undergoing surgical resection of suspected lung carcinoma were recruited. The research was approved by a local ethics committee; all participants provided written informed consent.
Clinical assessment
Pre-and post-bronchodilator spirometry was performed as described in Additional file 1 [25] . COPD patients completed the St George's respiratory questionnaire (SGRQ) and COPD Assessment Test (CAT).
Sputum sampling
Sputum was induced and processed by the 'two-step' method [16] ; PBS processed samples were used in the experiments reported here.
Plasma cytokine measurement
Levels of plasma IL-6 and sIL-6R were measured using a Meso Scale Discovery immunoassay (Gaithersburg (MD-USA) (details Additional file 1).
Monocyte chemokine receptor expression
Peripheral blood monocyte subtypes were identified by flow cytometry [1] . Proportional expression of CCR5 on  CD14   ++   CD16   -, CD14  + CD16  + and CD14   -CD16 ++ monocytes was determined (details Additional file 1).
CCL3 and Sputum supernatant induced monocyte chemotaxis
CD14
+ monocyte isolation and chemotaxis experiments were performed as previously described (details Additional file 1) [16] . CD14 + monocytes did not undergo any form of cytokine stimulation prior to the chemotaxis assay.
+ monocyte cell culture CD14 + monocytes from 6 HNS were isolated and cultured in the presence of recombinant human (rh) IL-6 (20 ng/mL, R&D Systems, Abingdon UK), rh IL-6 (20 ng/mL) + rh sIL-6R (40 ng/mL, R&D Systems) or media alone (unstimulated control). Cell lysates were harvested for gene expression analysis.
+ monocyte CCR5 gene expression 
Statistical analysis
Normally distributed data were analysed using one way ANOVA with application of Tukey's post-test; unpaired t-tests were used where appropriate. Non-normally distributed data were analysed using the Kruskal-Wallis test with application of Dunn's post-test. Mann-Whitney U tests were used as appropriate. Univariate correlation analysis was performed using the Spearman Rank test. QPCR data was normally distributed and analysed using one-way ANOVA with application of Dunnett's multiple comparisons test; details of a within subject analysis are described in Additional file 2.
Statistical analysis was performed using GraphPad Prism version 6 and IBM SPSS Statistics for Windows, Version 23.0 (released 2015). Armonk, NY.
Results
The clinical characteristics of all study participants are stated in Table 1 (details of participants in individual experiments are described in Additional file 3: Table S1 ).
Plasma IL-6 and sIL-6R levels Plasma IL-6 levels were significantly higher in COPD patients, (n = 70; median 4.5 pg/mL) compared to HNS (n = 15; median 0 pg/mL, p < 0.0001), with no other significant differences between groups (Fig. 1) . Plasma sIL-6R levels were significantly higher in COPD patients compared to S (n = 15, medians; 5,338 pg/mL versus 4,453 pg/mL respectively, p < 0.001), while the comparison of COPD vs. HNS (median 4,853 pg/mL) was not significant (p = 0.3).
Peripheral blood monocyte CCR5 expression
The proportions of CD14 + monocytes from COPD patients expressing CCR5 was significantly greater than S (medians 14.3% versus 4.9%; p < 0.05) but did not reach statistical significance compared to HNS (median 2.7%, p = 0.09). There were no significant differences in the There was no change in the proportion of monocyte subsets or CCR5 expression at exacerbations compared to stable state (n = 8 COPD patients; Additional file 3: Figure S2 and Table S2 ).
Regulation of monocyte CCR5 gene expression
CCR5 expression was significantly upregulated in CD14 + monocytes cultured for four hours in the presence of both IL-6 and sIL-6R; the mean fold change in CCR5 gene expression was 1.6 (p < 0.05). IL-6 stimulation alone did not upregulate CCR5 gene expression. CD14 + monocytes stimulated with IL-6 (solely or in conjunction with sIL-6R) for 19 h did not show alteration in CCR5 gene expression ( Fig. 3 and within-subject analysis shown in Additional file 2).
COPD CD14
+ monocyte migration towards rhCCL3
COPD and HNS CD14 + monocytes showed similar migration towards rhCCL3 with a bell shaped dose-response curve observed; maximal chemotaxis levels were in the concentration range 15.6 ng/ml to 62.5 ng/ml (Fig. 4) .
CD14
+ monocyte migration towards sputum supernatant
The migration of HNS CD14 + monocytes towards sputum supernatant from COPD patients and HNS was studied. A greater proportion of CD14 + monocytes migrated towards COPD sputum compared to HNS sputum; mean chemotaxis 14.3% versus 5.8%, respectively (p = 0.03) (Fig. 5) . Subsequent experiments used COPD sputum supernatant as the chemoattractant. HNS CD14 + monocytes (n = 8) demonstrated significantly greater chemotaxis compared to COPD monocytes (n = 6); means 11.5% versus 4.4% (p < 0.05). There was a trend to significance when comparing HNS to S, (n = 6; mean 5.6%, p = 0.07).
We performed subgroup analysis based on age; monocytes of HNS >50 years of age (n = 3, mean age 57.7 years) with mean chemotaxis 16% demonstrated significantly greater migratory ability compared to younger HNS <50 years of age (n = 5, mean age 31.8 years) with mean chemotaxis 8.8 (p < 0.01) (Additional file 3: Figure S3 ). Figure S4 ). There were no significant differences in the size of vessels or the absolute number of marginated cells/ μm circumference observed between COPD patients (n = 9), S (n = 9) and NS (n = 6) ( + was significantly greater in HNS (83.1%) and S (46%) compared to COPD (9.3%; p < 0.001 and p < 0.05 respectively) (Table 2 & Fig. 5) . A large number of the CX 3 CR1
-marginated cells in COPD patients were neutrophils based on their appearance and nuclear morphology, which was confirmed by NE staining (Additional file 3: Figure S5 ). Figure S6 .
Alveolar macrophage Ki67 and BCL2 expression
COPD patients (n = 9) and S (n = 9) had significantly greater mean numbers of alveolar macrophages (59.2/ mm 2 and 64.7/mm 2 respectively) compared to NS (n = 6; 20.5/mm 2 , p < 0.05 and p < 0.01 respectively). The percentage of Ki67 + alveolar macrophages was low, and greater in NS (mean 2%) compared to COPD patients (mean 0.9%, p < 0.05 vs NS) (Fig. 9) .
BCL2 was expressed by all COPD current smokers (n = 9) and S (n = 9) alveolar macrophages, however BCL2 was absent in the alveolar macrophages of NS (n = 6) and COPD former smokers (n = 3) (Fig. 10) .
Discussion
We observed increased CCR5 expression on COPD blood monocytes. Increased plasma levels of sIL-6R may play a role in this observation, as IL-6 with sIL-6R upregulated CCR5 gene expression in monocytes. However, this increase in COPD monocyte CCR5 expression did not confer a greater migratory ability; chemotaxis experiments showed impairment of the migratory ability of COPD peripheral blood monocytes. This impaired migration was confirmed by examining monocyte margination from blood vessels in the lungs. We have therefore found no evidence to support the theory that increased monocyte recruitment is responsible for increased lung macrophage accumulation in COPD. We investigated alternative mechanisms that could contribute to lung macrophage accumulation in COPD. There were low levels of alveolar macrophage selfrenewal in COPD, suggesting that this mechanism does not contribute to the macrophage accumulation in COPD. Current smokers, with and without COPD, had increased expression of the anti-apoptotic marker BCL-2 in alveolar macrophages. These findings suggest a mechanism by which macrophage accumulation can occur in smokers and COPD patients.
The mechanisms for impaired COPD monocyte migration may be related to systemic oxidative stress, which is increased in S [29] and COPD [29, 30] . It is known that monocytes from S display migratory impairment [31] ; this phenomenon can be induced in HNS monocytes after exposure to radical and non-radical oxidants [31] . We observed a trend toward significant reduction in monocyte migration when comparing S and HNS. Inflammatory cell chemotaxis may diminish with increasing age [32] , however a subgroup analysis of our data in HNS monocytes failed to show such an association.
A recent study showed that lymphocytes and monocytes interact to facilitate peripheral blood mononuclear cell (PBMC) chemotaxis towards CXCR3 and CCR5 ligands, but that isolated COPD monocytes had similar chemotaxis ability to controls [6] . We used a more complex chemotactic system with induced sputum supernatant and isolated monocytes. We have previously shown that CCL3 (a ligand for CCR5) levels are increased in COPD sputum, and that CCL3 and CCR5 blockade reduces monocyte chemotaxis to COPD sputum supernatant [16] ; we now demonstrate that exposure to rhCCL3, induces migration COPD blood monocytes, so it was perhaps surprising that COPD monocytes displayed impaired chemotaxis. It was therefore important that we evaluated monocyte migration into the lungs by a different method to further investigate this observation. C-X3-C motif chemokine receptor 1 (CX 3 CR1) is a widely used monocyte/macrophage marker [1, 33] . We found reduced margination of CX 3 CR1 + cells in COPD compared to NS. The vascular endothelium of pulmonary vessels in S and COPD expresses increased levels of adhesion molecules such as E-selectin, P selectin, ICAM-1, ICAM-2 and VCAM-1 [34] . It is therefore unlikely that the reduced margination observed in COPD resulted from attenuated endothelial adhesion molecule expression. + (5e & 5f) cells. The bar represents the median; each data point represents the value for an individual patient. The statistical significance of differences observed was determined using Kruskal-Wallis test with application of Dunn's multiple comparisons test macrophage numbers in COPD patients. Desch et al. recently described a "tissue monocyte" population in healthy human lungs that resembles monocytes, but expresses cell surface markers found in alveolar macrophages [3] . Populations described as "monocyte derived cells" were also identified, which are thought to be monocytes that change phenotype and acquire new cell surface markers including CD206 when recruited from the blood into the lungs, as previously reported in mice [35] . Our results support the concept that monocytes can be recruited into the lungs, as we observed marginated monocytes in control lung samples. However, monocyte margination was reduced in COPD patients, indicating that increased lung macrophage numbers in COPD are not simply due to excessive blood monocyte recruitment.
Murine studies have shown that lung macrophages can be replenished by self-renewing, locally-derived progenitor cells [2, 36] . Human studies have also shown that resident lung mononuclear phagocyte populations can express the cell-cycle maintaining protein Ki67, suggesting that these cells are engaged in self-renewal [37, 38] . We observed low levels of Ki67 expression amongst alveolar macrophages, suggesting that a very limited proportion of these cells were actively undergoing self-renewal. Simian studies have suggested that the turnover of these cells is indeed very low whereas the turnover of interstitial lung macrophages is high [39] .
It has been reported that COPD lung macrophages express increased levels of a protein known as ' Apoptosis inhibitor of macrophage (AIM)' which is associated with delayed apoptosis [8] . A different study reported that alveolar macrophages from smokers displayed higher levels of anti-apoptotic proteins including Bcl-xL [7] . These previous studies support the hypothesis that delayed apoptosis, caused by cigarette smoking, contributes to macrophage accumulation in COPD. We observed that the antiapoptotic protein BCL-2 was only present in current smokers, with and without COPD. Our findings support a role for current smoking in prolonging alveolar macrophage lifespan. We speculate that the increased alveolar macrophage numbers due to active smoking does not return to normal after smoking cessation, as the years of chronic cigarette smoking causing delayed apoptosis have permanently altered the homeostasis of lung macrophage numbers. We also note that Kojima et al found increased AIM expression in COPD alveolar macrophages compared to both smoking and non-smoking controls, implicating this particular anti-apoptotic protein in COPD specific + monocytes marginated within pulmonary microvessels in human lung tissue. Representative images 6a-c) n = 9 COPD, 6d-f) n = 9 S and 6 g-i) n = 6 NS. Cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (blue). CX 3 CR1 + cells were identified using an Alexa-568 conjugated donkey anti-rabbit secondary antibody (red 6a, 6d, 6 g). CD14 + cells were labelled with a biotinylated rabbit anti-goat secondary antibody and detected using Streptavidin Dylight 488 (green 6b, 6e, 6 h). Composite images are shown (6c, 6f, 6i). Green/yellow autofluorescence is caused by intrinsically fluorescent tissue components such as elastic fibres and erythrocytes. Autofluorescence can be distinguished from positive fluorescence by forming a composite image of the red, green and blue channels. Autofluorescence is visible in all three channels and so appears as an amalgamation of the three colours. Positive fluorescence is visible in one channel only and thus appears as the pure colour. Singly labelled cells appear in the composite image as either being red or green, dual labelled cells appear yellow. Examples of immunoreactive cells are indicated by arrows (images taken using X20 objective lens). The white scale bar represents a length of 75 μm mechanisms [8] . Overall, these previous findings and our current observations indicate mechanisms of delayed apoptosis that can occur in macrophages from current smokers or COPD patients.
In keeping with previously published studies, we observed increased plasma IL-6 levels in stable COPD patients [22] . We also observed significantly increased plasma sIL-6R levels in COPD patients compared to S. IL-6 signals through either membrane-bound IL-6R or sIL-6R [21] . Increased sIL-6R levels may amplify the effects of IL-6 [40] . CCR5 gene expression in microglial cells is upregulated following culture with IL-6 [20] ; in the same study IL-6 stimulation caused a numerical, but not statistically significant, increase in CCR5 gene expression in healthy blood monocytes [20] . We also observed a small increase in CCR5 expression with IL-6 alone, but significant + monocytes marginated within pulmonary microvessels in human lung tissue. Representative images 7a-c) 9 COPD, 7d-f) 9 S and 7 g-i) 6 NS. Cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (blue). CX 3 CR1 + cells were identified using an Alexa-568 conjugated donkey anti-rabbit secondary antibody red 7a, 7d, 7 g). CD16
+ cells were labelled with a biotinylated horse anti-mouse secondary antibody and detected using Streptavidin Dylight 488 (green 7b, 7e, 7 h). Composite images are shown (7c, 7f, 7i). Autofluorescence is visible in all three channels and so appears as an amalgamation of the three colours. Positive fluorescence is visible in one channel only and thus appears as the pure colour. Singly labelled cells appear in the composite image as either being red or green, dual labelled cells appear yellow. Examples of immunoreactive cells are indicated by arrows (images taken using X20 objective lens). The white scale bar represents a length of 75 μm a b c Fig. 9 Alveolar macrophage Ki67 expression. This figure shows immunohistochemical detection of Ki67 in lung resection specimens of COPD, S and NS. Representative images of n = 9 COPD, n = 9 S and n = 6 NS. Positively labelling cells were visualised using DAB. Immunoreactive cells (brown nuclei) are indicated with an arrow. 8a) Ki67 labelled lung resection specimen 8b) negative control 8c) tonsilar tissue (positive control). Images taken using an X40 objective lens induction was achieved when sIL-6R was also present, suggesting an important role for IL-6 trans-signalling in the regulation of CCR5 expression. An alternative mechanism for CCR5 upregulation in monocytes is the effects of reactive oxygen species exposure, which can upregulate CCR5 expression [41, 42] . Increased sIL-6R levels may promote inflammatory activity in COPD by enhancing the effects of IL-6 through trans-signalling. IL-6 is involved in the polarization of naïve CD4 + T lymphocytes towards the pro-inflammatory Th17 effector phenotype [43] ; furthermore, IL-6 suppresses apoptosis of both innate and adaptive immune cells resulting in their persistence at foci of inflammation [44, 45] . + monocyte populations are found in inflammatory disease states including atherosclerosis [46] , obesity [47] and rheumatoid arthritis [48] . We did not observe any change in monocyte subsets in COPD patients compared to controls. Furthermore, there was no change in cellular subpopulations during exacerbations, indicating no dysregulation of CD14 + CD16
+ cells in COPD. We elected to use sputum for chemotaxis experiments as there are increased levels of monocyte chemoattractants in the sputum supernatants of COPD patients compared to controls [14, 16] . Furthermore, the total number of macrophages in sputum is increased in COPD patients [14, 16] . Bronchoalveolar lavage supernatants are an alternative for chemotaxis experiments, representing a different lung compartment where macrophages numbers are increased. However, this is more invasive and the installation of saline may cause excessive dilution.
Conclusion
In conclusion, we have demonstrated that COPD monocytes show decreased migratory ability despite augmented expression of CCR5. These findings indicate that increased lung macrophage numbers in COPD lungs are not be due to excessive blood monocyte recruitment or alveolar macrophage self-renewal; suppressed apoptosis may be a factor leading to macrophage accumulation in the lungs of COPD patients. Table S1 . demographic details of patients from cytokine analysis, flow cytometry, chemotaxis and gene expression studies. Figure S1 . proportions of monocyte sub-populations in the blood of COPD, S & HNS displayed as a graph. Figure  S2 . changes in the CCR5 expression by monocyte sub populations during COPD exacerbations displayed as a graph. Figure S3 . Eeffect of age on CD14 + monocyte migration displayed as a graph. Figure S4 . CD34 expression of pulmonary endothelial cells displayed as an immunohistochemistry image. Figure S5 . neutrophils in the pulmonary microvasculature of COPD patients displayed as an immunohistochemistry image. 
